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Products of ischemic metabolism can make a major con-
tribution to electrical instability of the heart. In partic-
ular, enhanced extracellular potassium slows conduc-
tion, thereby predisposing to reentrant circuits, especially
when levels of cyclic adenosine monophosphate (AMP)
Three processes are currently held to be basic to the genesis
of ischemic cardiac arrhythmias : 1) increased automaticity,
2) slowing of conduction in specific areas of the heart with
resultant reentry and reexcitation; and 3) variable shortening
or lengthening of the refractory period and an increased
dispersion of refractoriness between the ischemic and non-
ischemic zones (Fig 1). In addition, delayed afterdepolar-
izations and (possibly) abnormalities of repolarization may
develop into automaticity. Increased dispersion of refrac-
toriness to conduction between the ischemic and the non-
ischemic zones sets the stage for reentrant arrhythmias (1) .
Unidirectional abnormalities of conduction between isch-
emic and nonischemic zones have been recorded as have
areas of localized fibrillation that can, it is thought, spread
from the ischemic to the nonischemic zone.
Ventricular Reentrant Circuits
These reentrant circuits may develop whenever there is
electrical inhomogeneity of the myocardium , which in turn
reflects the focal ionic and metabolic abnormalities that cause
slow conduction in one limb of a reentrant circuit. Many
factors may contribute to the development of slow conduc-
tion in ischemic tissue: 1) the effect of localized hyperka-
lemia and partial depolarization inhibit the fast sodium chan-
nel; residual fast channel activity may explain why some
apparently slow responses are sensitive to fast channel in-
hibitors (2); 2) the development of slow responses in com-
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increase in the early ischemic period. Other products
(lactate, lipid metabolites) alter the duration of the action
potential. Accumulated calcium may induce inward di-
astolic currents.
(J Am Coil CardioI1985;5:162B-165B)
pletely depolarized tissue may occur when the tissue content
of cyclic adenosine monophosphate (AMP) rises; 3) the
action potential may become abnormal as a result of ac-
cumulated products of the patterns of lipid and carbohydrate
metabolism in ischemia or of an increased intracellular cal-
cium; and 4) electrical coupling between cells may be
disrupted .
Extracellular hyperkalemia. About 30 years ago , Har-
ris et aI. (3) reported increasing coronary venous potassium
values during the onset of arrhythmias after coronary artery
ligation. Since then, there has been increasing evidence of
links between potassium and arrhythmogenesis. The mech-
anism whereby potassium loss promotes very early arrhyth-
mias after coronary ligation cannot be merely a depletion
of intracellular potassium, which requires 2 to 4 hours to
become evident. Hyperkalemia, as found in coronary ve-
nous blood very early after coronary occlusion, may playa
more important role . Theoretical considerations based on
the Nernst equation show that when the cell is depolarized
to values less negative than - 50 mV, the rapid inward
current is inactivated and the resting potential approaches
the threshold potential for the slow inward current. The
intracoronary infusion of potassium rapidly produces ectopic
activity, presumably by promoting automaticity in Purkinje
fibers. Eventually ventricular fibrillation develops, even in
an otherwise normal heart.
Cyclic AMP and slow responses. When myocardial cells
are completely depolarized, as can happen when the extra-
cellular potassium level increases to 18 mM and higher (4),
the cells become inexcitable . Now added beta-adrenergic
stimulation can invoke a slow response action potential.
Other factors elevating cyclic adenosine monophosphate
(AMP) (such as phosphodiesterase inhibition or exposure
to dibutyryl cyclic AMP) have a similar effect, as does
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Figure 1. Hypothetic relation between tissue metabolic changes
and general metabolic response in acute myocardial infarction,
linking proposed electrophysiologic changes to metabolic abnor-
malities . cAMP = cyclicadenosine monophosphate; FFA = free
fatty acids. (Modified withpermission fromOpieLH, et at. Cyclic
AMPand arrhythmias revisited. Lancet 1978;2:921-3.)
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nodal and Purkinje tissue and the development of delayed
afterdepolarizations (see later) .
Accumulated products of lipid metabolism. Freefatty
acids. The earlier hypothesis of Kurien and Oliver (9) stressed
that accumulated free fatty acids might have adverse effects
on cell membranes . This hypothesis was probably the first
to propose that accumulated intracelIular metabolites could
be linked to electrical instability in ischemia. Although the
role of free fatty acids as arrhythmogenic agents in their
own right is still controversial (10) , there are good clinical
associations between the mean free fatty acid concentrations
in patients after infarction and the development of arrhyth-
mias. In those circumstances, there is a combination of
increased circulating free fatty acids and catecholamines .
Free fatty acids by themselves may not be powerful ar-
rhythmogenic agents, possibly because there are two con-
flicting mechanisms involved. First , free fatty acids shorten
the action potential duration in the presence of hypoxia (II) .
This effect should be proarrhythmic. On the other hand ,
free fatty acids are able to inhibit myocardial slow action
potentials (12). Because slow action potentials may underlie
certain types of ventricular arrhythmias as a result of the
abnormalities of conduction, this effect of free fatty acids
should inhibit arrhythmia development. The effect of free
fatty acids on the slow action potentials would explain why
fatty acids are able to slow the heart and decrease contrac-
tility (13).
Long chain fatty acid metabolites. In ischemia, there is
accumulation of acyl-coenzyme A (CoA) and acyl camitine
as a result of ischemic inhibition of mitochondrial function .
It is difficult to know whether these compounds are directly
arrhythmogenic, because of their very low concentration
inside the celI, which makes it difficult to extrapolate what
happens with extracelIular addition. Nevertheless, they should
destabilize cell membranes. In addition, acyl carnitine in-
hibits the conversion of Iysophosphatidyl choline to phos-
phatidyl choline (14).
Lysophosphoglycerides. In ischemia, accumulation of
Iysophosphoglycerides could induce a variety of abnormal -
ities of the action potential, including a variable narrowing
in some celIs and lengthening in others (14) . These mem-
brane-active agents may predispose to slow conduction by
depressing most of the components of the membrane cur-
rents (15). The real problem is whether the intracellular
concentrations of free lysophosphoglycerides that occur in
ischemia are high enough to provoke ventricular arrhythmias
in this way.
Products of glycolysis. According to the hypothesis that
glycolytic flow is required for the maintenance of the action
potential duration, it should be noted that the duration is
shortened by inhibitors of glycolysis such as iodoacetate,
lactate and pyruvate, free fatty acids and acidosis (6). The
proposal is that adenosine triphosphate (ATP) made by gly-
colysis has a "special" role in maintenance of the action
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intracellular introduction of cyclic AMP by microiontopho-
resis (5) . Because this phenomenon is prevented by calcium
antagonists and a low external calcium ion concentration,
it is also reasonable to believe that cyclic AMP promotes
the probability of the "opening" of the calcium channels.
Cyclic AMP increases in ischemic tissue in early experi-
mental myocardial infarction, as does the extracelIular
potassium (6) . As yet, there is no direct proof that calcium-
dependent slow responses are involved in the early ventric-
ular arrhythmias of developing myocardial infarction; in-
direct evidence favoring this possibility is that slowed
conduction is accelerated by the calcium antagonist dilti-
azem, which delays the onset of ventricular fibrillation (7),
and that high concentrations of calcium antagonists protect
the ischemic heart against electrically induced ventricular
fibrillation (8) .
Apart from provoking slow responses, cyclic AMP may
be the intracelIular messenger of other effects of beta-ad-
renergic stimulation: enhanced phase 4 depolarization of
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potential duration-as supported by the effects of direct
intracellular injection of ATP (16). Such metabolic changes
can be highly focal (17). During acute myocardial ischemia,
the shortening of the action potential duration can be related
to the inhibition of glycolysis in zones with very low blood
flow (17).
Recently Saman and Opie (18) showed that the effect of
lactate is most marked in conditions when heart work is
decreased. Conversely, increased heart work, by acceler-
ating glycolysis, diminishes the effect of lactate on the action
potential duration. In ischemia , because of ischemic con-
tractile arrest, the lactate effect can be expected to be more
marked. It has not yet been shown that an increased intra-
cellular lactate can have the same effect as the extracellular
lactate added experimentally.
Enhanced cytosolic calcium. It is frequently supposed
that an increase in intracellular calcium occurs early in myo-
cardial ischemia. Although most of the evidence has been
indirect, some workers (7) accept that an increase in cy-
tosolic calcium results from myocardial ischemia. An in-
crease in cytosolic calcium could act in one of the following
ways: 1) inducing a depolarizing inward current ; 2) short-
ening the action potential duration (free cytosolic calcium
increases the repolarizing potassium conductance and short-
ens the inflowing calcium current by decreasing the calcium
conductance); and 3) uncoupling intercellular conduction.
Impaired intercellular conduction. Conduction be-
tween cells normally proceeds across the gap or nexus junc-
tions. Two changes found in ischemia, namely, an increased
intracellular calcium ion activity and a decreased pH (aci-
dosis), can uncouple intercellular conduction to block con-
duction, thereby predisposing to arrhythmias (19).
Focal mechanisms. By the mechanisms just outlined,
focal metabolic changes may produce localized abnormal-
ities of conduction (17). Variations in the action potential
duration between ischemic and nonischemic cells and be-
tween sites with different severities of ischemia produce the
critical differences in the refractory state of the myocardium
that explain dispersion of refractoriness (20).
Increased Ventricular Automaticity
Two proposed mechanisms for the origin of ventricular
ectopic beats are: 1) the development of phase 4 depolar-
ization in Purkinje or myocardial fibers, and 2) delayed
afterdepolarization.
Automaticity in Purkinje fibers (phase 4 depolar-
ization). Purkinje fibers, normally quiescent, can develop
phase 4 depolarization (as in ischemia) when partially de-
polarized, so that the threshold for firing is more easily
reached . The pacemaker current (l-), which can be invoked
experimentally and operates at about - 65 to - 55 mV, may
explain why partial depolarization caused by ischemia pre-
disposes to automaticity in Purkinje fibers.
Hypokalemia (for example , K+ = 2.7 mM) decreases
potassium conductance and sensitizes to inward currents ; it
predisposes to the development of delayed afterdepolar-
ization (decreased activity of sodium pump, enhanced intra-
cellular calcium). Acute myocardial infarction in human
beings is characterized by acute liberation of catechol-
amines, which are known to decrease arterial blood potas-
sium concentrations (21). In addition, some patients with
acute infarction will have been given diuretic therapy , a
frequent cause of hypokalemia . Patients with hypokalemia
at the time of onset of myocardial infarction have a greater
incidence of ventricular arrhythmias including ventricular
fibrillation (22). When cyclic AMP is introduced by ion-
tophoresis into spontaneously active cardiac Purkinje fibers,
there is a shortened action potential and a steeper rate of
phase 4 depolarization, which is in keeping with catechol-
amine effects. Combined catecholamine stimulation and a
low external level of potassium should be a potent arrhyth-
mogenic combination . Besides promoting phase 4 depolar-
ization, hypokalemia also facilitates the development of
afterdepolarizations.
Delayed afterdepolarizations. Ventricular myocardium
can also develop automatic activity in specified experimental
conditions that cause delayed afterdepolarizatons or after-
potentials, found in digitalis poisoning and after microin-
jection of cyclic AMP into the myocardial cell (23). The
common factor to these two stimuli is the increase in cy-
tosolic calcium ion concentration, which induces a transient
diastolic inward current (lti), probably by promoting so-
dium-calciumexchange (7). Delayed afterdepolarization tends
to be a cyclical event with a series of ever smaller waves ,
which probably reflect calcium ion oscillations in the cytosol
because there are accompanying aftercontractions. Deple-
tion of calcium from the sarcoplasmic reticulum can stop
the development of the afterdepolarizations. The current
causing the repetitive afterdepolarizations is activated by an
increased intracellular calcium concentration. Therefore, both
verapamil and a low external calcium concentration inhibit
the phenomenon. Tetrodotoxin and lidocaine , inhibitors of
the sodium channel, also inhibit this inward current, prob-
ably by reducing internal calcium levels as internal sodium
concentrations decrease (24) .
Triggered automaticity. In ventricular muscle, delayed
afterdepolarizations can lead to triggered automaticity, hence
converting a focus of automaticity into a sustained ventric-
ular arrhythmia (as proposed by Cranefield in 1977 [25]).
This sequence seems most likely to occur when there is
prior inhibition of the sodium pump by digitalis or a low
external potassium concentration . In Purkinje fibers, de-
layed afterdepolarizations can develop even at normal ex-
ternal potassium levels and theoretically be a cause of au-
tomaticity even in the absence of excess digitalis. Thus,
afterdepolarizations are suspected of contributing to the [ate
ventricular arrhythmias of acute myocardial infarction (26).
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